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Abstract 22 
This review, focusing on studies published between 2005 and 2017, analysed the literature on the 23 
generation of bioactive peptides (BAPs) from edible insect proteins following enzymatic 24 
hydrolysis. The protein extraction and quantification methodologies used for edible insects 25 
varied considerably. While several edible insects have been evaluated for their ability to release 26 
BAPs, silkworm (Bombyx mori) is currently the most studied. Specifically, the angiotensin 27 
converting enzyme (ACE) inhibitory, antioxidant and antidiabetic properties of edible insect 28 
protein enzymatic hydrolysates have been studied. Potent in vitro ACE inhibitory and 29 
antioxidant hydrolysates/peptides have been reported. In certain instances, these properties were 30 
validated in small animal studies (i.e. hypotensive effects). Enzymatic hydrolysis of edible insect 31 
proteins may also enhance technofunctional properties (i.e. solubility). The wider application of 32 
enzymatic hydrolysis protocols to edible insect proteins may ultimately allow for the increased 33 
discovery and utilisation of novel BAPs as sustainable protein/peptide sources for human 34 
nutrition. 35 
Key words: edible insects; protein extraction; enzymatic hydrolysis; bioactive peptides; 36 
technofunctional properties; in vivo.  37 
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List of abbreviations 38 
 39 
Abbreviation Meaning  
ABTS 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) 
ACE angiotensin I converting enzyme 
Ala alanine 
Arg arginine 
As arsenic 
ASEAN Association of Southeast Asian Nations 
Asn asparagine 
Asp aspartic acid 
BAP bioactive peptide 
BW body weight 
Cd cadmium 
CFU colony forming unit 
Co cobalt 
CO2 carbon dioxide 
Cr chromium 
Cu copper 
DDT dichlorodiphenyltrichloroethane 
DH degree of hydrolysis 
dH2O deionised water 
DOE design of experiments 
DPPH 2,2-diphenyl-1-picrylhydrazyl 
DOI: 10.1016/j.ifset.2017.08.014 
4 
 
DPP-IV dipeptidyl peptidase IV 
dw dry weight 
EC50 half maximal effective concentration 
EFSA European Food Safety Authority 
EU European Union 
FAO Food and Agriculture Organization 
FDA Food and Drug Administration 
Fe iron 
FERA Food and Environmental Research Agency 
FRAP ferric reducing antioxidant power 
FSVO Federal Food Safety and Veterinary Office 
Gln glutamine 
Glu glutamic acid 
Gly glycine 
GRAS generally recognised as safe 
His histidine 
IC50 half maximal inhibitory concentration 
Ile isoleucine 
INFOODS International Network of Food Data Systems 
LC-MALDI-TOF 
liquid chromatography matrix-assisted laser desorption ionisation-time 
of flight 
LC-MS/MS liquid chromatography tandem mass spectrometry 
Leu leucine 
Lys lysine 
Met methionine 
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MS mass spectrometry 
NaCl sodium chloride 
NaOH sodium hydroxide 
Ni nickel 
NOAEL no observed adverse effect level 
PAP processed animal protein 
Pb lead 
PCBs polychlorinated biphenyls 
Phe phenylalanine 
pI isoelectric point 
Pro proline 
QSAR quantitative structure activity relationship 
RP reverse phase 
RSM response surface methodology 
SBP systolic blood pressure 
SDS-PAGE sodium dodecyl sulphate polyacrylamide gel electrophoresis 
SE size exclusion 
Ser serine 
SGID simulated gastrointestinal digestion 
SHR spontaneous hypertensive rat 
Sn tin 
TA titratable acidity 
Thr threonine 
TOF time of flight 
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Trp tryptophan 
Tyr tyrosine 
UF ultrafiltration 
UK United Kingdom 
USA United States of America 
Val valine 
WHO World Health Organization 
Zn zinc 
  40 
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1 Introduction 41 
It is well documented that there is an increased demand for good quality protein worldwide, both 42 
for animal feed and human nutrition (van Huis, 2013). Insect farming for animal feed production 43 
appears to be more cost effective, yielding higher biomass (higher feed conversion ratio) than 44 
conventional animal feed derived from soy and fish sources (Feng et al., 2017; Sánchez-Muros, 45 
Barroso, & Manzano-Agugliaro, 2014; van Huis, 2013, 2016). Farming insects is also generally 46 
considered as a sustainable practice as it is associated with lower levels of greenhouse gases and 47 
ammonia than traditionally farmed cattle, poultry, fish and seafood (Rumpold & Schlüter, 2013b; 48 
Sun-Waterhouse et al., 2016; van Huis, 2013, 2016; van Huis et al., 2013). Therefore, edible 49 
insects have been proposed as an alternative to conventional animal proteins for use as human 50 
food (Spiegel, Noordam, & Fels‐Klerx, 2013). 51 
Insects belong to the Arthropods (subphylum Hexapoda), which are the largest animal group on 52 
earth. Owing to the high number of species, insects constitute the largest Arthropod group 53 
(Bullard, Linke, & Leonard, 2002). Examples of common insects which have traditionally been 54 
exploited for their by-products include honey bees (Apis mellifera), silkworm (Bombyx mori) and 55 
cochineal (Dactylopius coccus) (van Huis, 2013). Up to 2000 different edible insect species have 56 
been reported (Rumpold & Schlüter, 2013b; Sun-Waterhouse et al., 2016; van Huis, 2013, 2016). 57 
A list of edible insects available in different parts of the world is curated by the University of 58 
Wageningen (The Netherlands). Its latest version has been made accessible on the University of 59 
Wageningen website (Jongema, 2017). 60 
Insect consumption, termed entomophagy, may allow a means to address the growing protein 61 
demand by humans worldwide. Prehistoric records have demonstrated that the evolutionary 62 
precursors of Homo sapiens as well as other hominins (Neanderthals, Denisovans, and Homo 63 
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heidelbergensis) were entomophagous (Ko, 2016). Various edible insects have continued to be 64 
traditionally consumed by humans in different parts of the world, more particularly in Asia, 65 
Africa, Oceania, the Middle East and Latin America (Feng et al., 2017; Kelemu et al., 2015; van 66 
Huis, 2016; van Huis et al., 2013). In addition, examples of traditional cheeses such as, Casu 67 
marzu and Milbenkäse, which contain maggots of the cheese fly (Piophila casei) and cheese 68 
mites or their digestive juices are produced in Sardinia and Germany (Halloran & Münke, 2014). 69 
The most consumed insects comprise beetle, caterpillar, bee, wasp, ant, grasshopper, locust and 70 
cricket (van Huis et al., 2013). Those edible insects may potentially be used at different stages of 71 
their development, i.e. egg, larva, pupa and adult stages (Spiegel et al., 2013). Those insects that 72 
may be used as foods in the European Union (EU) are yellow mealworm (Tenebrio molitor), 73 
lesser mealworm (Alphitobius diaperinus) and tropical banded cricket (Gryllodes sigillatus). 74 
Black soldier fly (Hermetia illucens), T. molitor and common housefly (Musca domestica) have 75 
been proposed for use as animal feed (Spiegel et al., 2013). Currently in Europe and the United 76 
States of America (USA), different food products containing edible insects are found on the 77 
market, which are derived from crickets, T. molitor, A. diaperinus and migratory locust (Locusta 78 
migratoria) (van Huis, 2016). While entomophagy is still not the norm in the Western world, 79 
several studies suggest that there is potential for its increased acceptability among consumers 80 
(Caparros Megido et al., 2014; Looy & Wood, 2006; Tan et al., 2015; Tan, Fischer, van Trijp, & 81 
Stieger, 2016). More particularly, extraction of nutritional components (e.g. proteins and fats) 82 
from edible insects for subsequent use as food ingredients has been suggested as means to 83 
increase consumer acceptability (Sosa & Fogliano, 2017). 84 
Numerous amino acid sequences have been identified within a wide range of dietary proteins, 85 
which have been linked with in vitro bioactive properties. Peptides having a biological function 86 
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are generally termed bioactive peptides (BAPs). These have been identified, for example for 87 
their antihypertensive, antioxidant, antidiabetic, immunomodulatory and mineral binding 88 
properties (Cicero, Fogacci, & Colletti, 2017; Li-Chan, 2015). Milk, soy and fish proteins have 89 
been extensively studied as sources of BAPs (Jo, Khan, Khan, & Iqbal, 2017; Nongonierma, 90 
O’Keeffe, & FitzGerald, 2016; Rizzello et al., 2016). With the wider application of in silico tools 91 
(Iwaniak, Minkiewicz, Darewicz, Protasiewicz, & Mogut, 2015), BAP motifs have been 92 
identified within dietary proteins other than from milk, soy and fish (Chang & Alli, 2012; 93 
Cheung, Nakayama, Hsu, Samaranayaka, & Li-Chan, 2009; Udenigwe, 2016; Vecchi & Añón, 94 
2009). In particular, an in silico analysis of actin from insects revealed that they contain several 95 
previously identified angiotensin I converting enzyme (ACE) inhibitory peptides (Vercruysse, 96 
Smagghe, van der Bent, et al., 2009). ACE is a metabolic enzyme which converts angiotensin I 97 
into the potent vasoconstrictor angiotensin II, and can also degrade bradikynin, a potent 98 
vasodilator (FitzGerald, Murray, & Walsh, 2004; Udenigwe & Mohan, 2014). ACE inhibition 99 
has therefore been targeted for blood pressure reduction. The identification of biologically active 100 
peptides within a range of dietary proteins has led to the concept of exploiting 101 
undervalorised/underutilised edible proteins as a source of BAPs (Lemes et al., 2016). Currently, 102 
BAPs are being reported within a wide range of protein sources and the trend appears to be on 103 
the diversification of protein starting materials in keeping up with the increased global demand 104 
for high quality food-grade protein. 105 
A wide range of biofunctional components (e.g. chitin, polyphenols, antioxidant enzymes, 106 
antimicrobial peptides/proteins, etc.) exist in insects (Mlcek, Borkovcova, Rop, & Bednarova, 107 
2014; Ratcliffe, Azambuja, & Mello, 2014; Sun-Waterhouse et al., 2016). However, to date, a 108 
limited number of edible insects appear to have been employed for the generation of BAPs. 109 
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Examples of such insects are presented in Table 1. The biofunctional properties of B. mori 110 
proteins and peptides have been reviewed (Kumar, Dev, & Kumar, 2015; Xia, Ng, Fang, & 111 
Wong, 2013). Endogenous proteins and peptides from B. mori display a wide range of bioactive 112 
properties including antimicrobial, antihypertensive, antioxidant, antidiabetic, anticancer, 113 
hepatoprotective and many more activities (Kumar et al., 2015; Xia et al., 2013). Other bioactive 114 
effects have been demonstrated with protein hydrolysates manufactured using by-products of the 115 
silk industry (i.e. silk fibroin). Hydrolysates of cocoons or silk fibroin from B. mori displayed 116 
ACE (Zhou, Xue, & Wang, 2010) and -glucosidase (Lee et al., 2011) inhibitory properties in 117 
vitro. -Glucosidase is a metabolic enzyme involved in the breakdown of oligosaccharides into 118 
glucose in the small intestine during the post-prandial phase. Inhibition of -glucosidase may 119 
currently be used to reduce intestinal uptake of glucose and subsequently lower post-prandial 120 
hyperglycemia in type 2 diabetics (Umpierrez et al., 2017). Animal studies describing the 121 
antihypertensive (Onsa-ard et al., 2013; Yuan, Wang, & Zhou, 2012), antioxidant (Sangwong, 122 
Sumida, & Sutthikhum, 2016; Yuan et al., 2012), antidiabetic (Han, Lee, Lee, Suh, & Park, 123 
2016; Jung et al., 2010), memory enhancement (Kang, Lee, Kang, & Kang, 2013) and 124 
hypocholesterolemic (Lapphanichayakool, Sutheerawattananonda, & Limpeanchob, 2017) 125 
properties of silk protein hydrolysates have been reported. However, it appears that, to date, 126 
BAPs and protein hydrolysates derived from edible insects (other than B. mori), having bioactive 127 
properties in vitro and in small animals, have not been extensively studied in comparison to silk 128 
protein-derived peptides (Xia et al., 2013). 129 
Research on insect-derived BAPs is relatively new. The first peer-reviewed publication 130 
describing the generation of BAPs from edible insects was published by the University of Ghent 131 
(Belgium) in 2005 (Vercruysse, Smagghe, Herregods, & Van Camp, 2005). This research area 132 
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appears to have subsequently generated a limited interest in the scientific community. However, 133 
for the past five years, numerous studies involving the generation and evaluation of edible insect-134 
derived BAPs have been carried out mainly within research groups based in China. The aim of 135 
this review was to study the potential of edible insects for the generation of BAPs using 136 
enzymatic hydrolysis. While a large amount of information appears to have been generated on 137 
this topic, some of the information is not available in English. The information included in this 138 
review solely arises from peer-reviewed articles published in English. The search period studied 139 
was from 2005-2017. Major proteins identified within edible insects will be presented. The 140 
different methods used to extract proteins from insects will be outlined. Several bioactive 141 
properties which include antihypertensive, antioxidant and antidiabetic activities will be 142 
described. The technofunctional properties of insect protein hydrolysates will also be presented 143 
as they may affect BAPs stability during their incorporation into foods and their subsequent 144 
storage. In addition, various aspects relevant to the safety and legislation for edible insect-145 
derived BAPs and hydrolysates will be outlined. 146 
2 Proteins in edible insects 147 
The nutritional composition of 236 edible insects has been compiled by Rumpold and Schlüter 148 
(2013a). Edible insects contain proteins, fatty acids, carbohydrates, amino acids, minerals and 149 
vitamins (for reviews, see: Payne, Scarborough, Rayner, & Nonaka, 2016; Rumpold & Schlüter, 150 
2013b; Sun-Waterhouse et al., 2016; van Huis, 2013, 2016; Xiaoming, Ying, Hong, & Zhiyong, 151 
2010). 152 
Protein content has been reported to vary between 7 and 91% (dw), depending on the insect 153 
species, with most insects containing around 60% protein (van Huis, 2016). It has been reported 154 
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that edible insects belonging to the Orthoptera order can contain up to 77% (dw, Melanoplus 155 
mexicanus) proteins (Rumpold & Schlüter, 2013a). Protein contents between 52 and 76% (dw) 156 
for the larvae of T. molitor, adult G. sigillatus and desert locust (Schistocerca gregaria) have 157 
been reported (Zielińska, Baraniak, Karaś, Rybczyńska, & Jakubczyk, 2015). A study on edible 158 
insects marketed in the EU reported protein contents ranging from 46.8 to 59.5% (dw) for whole 159 
L. migratoria and house cricket (Acheta domesticus) powders, respectively (Osimani et al., 160 
2016). The protein contents of edible insects which have been reported in the literature to 161 
generate BAPs are provided in Table 1. These edible insects belong to different orders and their 162 
protein content is generally higher than 39% (dw). 163 
In a recent systematic review conducted on 12 edible insects, Payne et al. (2016) found a large 164 
variability in their composition. For example, published protein contents could vary by more 165 
than 50% within the same insects, in certain instances. This analysis suggested that the large 166 
variability may arise from extrinsic factors such as feed and ecology which are likely to affect 167 
final composition. Other parameters such as the development stage of the edible insects (Kulma 168 
et al., 2016) and the manner in which they are processed (thermal and mechanical treatments) 169 
may also affect their protein content. The protocol used for protein isolation and the 170 
quantification method employed may also be relevant. For instance, the nitrogen to protein 171 
conversion factor (6.25) which is generally applied during protein quantitation using Kjeldhal 172 
analysis has been shown to be inadequate for edible insects. The conversion factor of 6.25 used 173 
for meat has generally been employed for protein quantification in edible insects. However, 174 
insects contain a significant content of non-protein nitrogen located in their exoskeleton notably 175 
associated with chitin in the format of N-acetyl glucosamine (Jonas-Levi & Martinez, 2017). 176 
Using a conversion factor of 6.25, could be shown to result in a 20% overestimation of the 177 
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protein content of edible insects (Janssen, Vincken, van den Broek, Fogliano, & Lakemond, 178 
2017). In a recent study, Janssen et al. (2017) determined a conversion factor of 4.76 for whole 179 
larvae from T. molitor, A. diaperinus and H. illucens. The edible insects were subsequently 180 
subjected to an aqueous extraction protocol and dialysis through a 12-14 kDa molecular weight 181 
cut off membrane to collect water soluble proteins. The conversion factor of the water soluble 182 
protein extracts of T. molitor, A. diaperinus and H. illucens larvae was estimated to be 5.60. 183 
In addition to being relatively rich in protein, edible insect protein has a good amino acid profile. 184 
It has been shown that within the total amino acid composition, essential amino acids (i.e. Ile, 185 
Leu, Lys, Met, Phe, Thr, Trp and Val) may be found across different insect species (for review, 186 
see: Sánchez-Muros et al., 2014; Sun-Waterhouse et al., 2016; van Huis, 2013, 2016; van Huis et 187 
al., 2013; Ying, Xiaoming, Long, & Zhiyong, 2010). For most of the amino acids quantified 188 
within a B. mori larvae protein isolate, concentrations meeting or exceeding the amino acid 189 
profiles recommended for infants by the Food and Agriculture Organization (FAO) and World 190 
Health Organization (WHO) have been reported (Wu, Jia, Tan, Xu, & Gui, 2011). The essential 191 
amino acid indices in T. molitor, superworm (Zophobas morio) and A. diaperinus were found to 192 
be within the range of those from soybean and bovine caseins (Yi et al., 2013). A similar trend 193 
was reported for 236 edible insects, which were also shown to possess good essential amino acid 194 
profiles comparable to soy and bovine caseins (Rumpold & Schlüter, 2013a). The relatively high 195 
digestibility of insect proteins also makes them attractive for human nutrition. Digestibility 196 
values of 54% for T. molitor (Yi, Van Boekel, Boeren, & Lakemond, 2016), 76.6-98.0% for nine 197 
edible insects from Mexico (Ramos-Elorduy et al., 1997), 86% for eri silkworm pupae (Samia 198 
ricinii) (Longvah, Mangthya, & Ramulu, 2011), 76.3-90.5% for termites (Macrotermes 199 
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subhylanus) and grasshopper (Ruspolia differens) (Kinyuru, Kenji, Njoroge, & Ayieko, 2010) 200 
have been reported. 201 
Detailed studies which have specifically described individual proteins from specific insects are 202 
rare. In addition, while genome sequences are available for edible insects such as B. mori (The 203 
International Silkworm Genome Consortium (2008)), many proteins which are expressed in 204 
insects have not been completely sequenced. This causes a difficulty when trying to identify 205 
proteins/peptides isolated from specific insect species. For instance, only 10% of the mass 206 
spectrometric (MS) data obtained during protein identification in T. molitor could actually be 207 
matched to a protein. This was linked to the lack of knowledge of the full proteome from this 208 
insect (Yi et al., 2016). In order to overcome this issue, it is common practice to base protein 209 
identification on sequence analogy derived from homology with other Metazoan proteins 210 
(Verhoeckx et al., 2014). To date, most proteins from edible insects have been characterised 211 
using liquid chromatography tandem mass spectrometry (LC-MS/MS) shotgun analysis. Shotgun 212 
analysis is generally based on sodium dodecyl sulphate polyacrylamide gel electrophoresis 213 
(SDS-PAGE) in-gel digestion of protein bands followed by LC-MS/MS identification. 214 
It has been reported that insect muscles (striated and smooth) contain proteins (i.e. actin, myosin 215 
and collagen) which have a primary structure similar to that of vertebrate protein equivalents 216 
(Vercruysse, Van Camp, & Smagghe, 2005). B. mori appears to be the most characterised insect 217 
for its constitutive proteins. Studies related to various parts of B. mori have been performed, 218 
including the head (Li, Hosseini Moghaddam, Chen, Chen, & Zhong, 2010), cuticular tissues (Fu 219 
et al., 2011), midgut, hemolymph, bodyfat and posterior silk gland (Zhou et al., 2008). Five 220 
proteins (myosin 1 light chain, tropomyosin 1, profilin, serpin-2 and glutathione peroxidase) 221 
were identified in the silkworm midgut (Zhou et al., 2008). Protein expression in B. mori was 222 
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found to be linked with their diet. When B. mori was fed with a commercial artificial diet, which 223 
was associated with poor nutrient absorption, as opposed to a diet consisting of fresh mulberry 224 
leaves, there was a down regulation of the proteins involved in immunity and energy metabolism 225 
(Zhou et al., 2008). Various proteins were identified in B. mori head, with muscle proteins 226 
(myosin and actin) being the most abundant. Other proteins identified included cuticle, 227 
chemosensory proteins and proteins linked with the neurological system (Li et al., 2010). 228 
Cuticular proteins from three tissues, i.e. integument and trachea from the larvae, and scale from 229 
the adult B. mori have been sequenced following SDS-PAGE separation using LC-MS/MS 230 
analysis (Fu et al., 2011). Numerous proteins (40, 48 and 51 in the scale, integument and trachea, 231 
respectively) belonging to cuticular, muscular, protease, protease inhibitor, transport and redox-232 
related proteins were identified. During larval-pupal metamorphosis, several proteins were 233 
identified in the insect skeletal muscle of B. mori, including contractile, metabolic, regulatory 234 
and signal transducing proteins (Zhang et al., 2007). 235 
The SDS-PAGE profiles of proteins extracted from T. molitor, Z. morio, A. diaperinus, A. 236 
domesticus and Dubia cockroach (Blaptica dubia) have been published (Yi et al., 2013). It was 237 
shown that these insects contain proteins having a molecular mass ranging from 6.5 to less than 238 
200 kDa. In T. molitor, anti-freeze type (8.5-13 kDa), cuticle proteins (14-30 kDa), enzymes (32-239 
95 kDa; e.g. melanisation-inhibiting protein, β-glucosidase, trypsin-like proteases, melanisation-240 
engaging types of protein) and vitellogenin-like proteins (having a molecular mass higher than 241 
95 kDa) were reported. However, for the other insects studied (i.e. Z. morio, A. diaperinus, A. 242 
domesticus and B. dubia), protein bands could not be assigned due to a lack of information about 243 
the individual proteins present within these insects (Yi et al., 2013). Various proteins were 244 
identified using LC-MS/MS methodology in water and urea soluble protein extracts from T. 245 
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molitor (Verhoeckx et al., 2014). The identified peptides which yielded the highest protein 246 
coverage (higher than or equal to 20%) came from actin, myosin heavy chain, tropomyosin-2, 247 
larval cuticle proteins, cationic trypsin, -amylase and 14-3-3 protein zeta. More recently, Yi et 248 
al. (2016) studied the proteins of T. molitor by LC-MS/MS. Several (12) muscle proteins were 249 
identified (e.g. actin-like (42 kDa), -actinin-4 (107 kDa), myosin heavy chain (262 kDa), 250 
myosin-2 essential light chain (16.8 kDa), tropomyosin 1 (75.2 kDa), tropomyosin 2 (32.5 kDa), 251 
troponin I (23.8 kDa), troponin T (47.3 kDa) and putative troponin C (18.3 kDa)). In addition, 252 
fifteen non-muscle proteins (e.g. hemolymph proteins a-e (about 12 kDa), -amylase (about 50 253 
kDa)) were also reported. The most abundant proteins identified in T. molitor were tropomyosin, 254 
actin, troponin T, hemolymph and -amylase. 255 
3 Protein extraction from insects 256 
Edible insects may be sourced from their natural habitat, be obtained as by-products of an 257 
industrial activity (e.g. silk production), be farmed in laboratories or in commercial facilities. 258 
Direct enzymatic hydrolysis has been described following insect grinding in aqueous solutions 259 
(Zielińska, Karaś, & Jakubczyk, 2017). However, prior to their enzymatic digestion, the proteins 260 
may also be extracted from the insects. A majority of studies describing the generation of BAPs 261 
during enzymatic digestion of insects appear to utilise insect protein isolates (Table 2). The 262 
generation of protein isolates has been outlined in several publications. Some extraction 263 
protocols are food-grade while others (which include the utilisation of specific organic solvents) 264 
are not. In some instances, the insects may be treated prior to protein extraction. For instance, in 265 
order to remove the gastrointestinal contents, fasting of different farmed insects for 24 h has also 266 
been carried out prior to protein extraction (Zielińska et al., 2017). Thermal treatments such as 267 
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freezing followed by freeze drying (Yi et al., 2013; Zielińska et al., 2017), freezing followed by 268 
pasteurisation (Hall, Jones, O'Haire, & Liceaga, 2017) or hot air drying (60C) then milling 269 
(Zhou, Ren, Yu, Jia, & Gui, 2017) have been applied to the insects prior to protein extraction to 270 
stabilise them and prevent enzymatic and microbial degradation which may occur during storage. 271 
Generally, protein isolation is conducted following five steps which include (1) homogenisation, 272 
(2) defatting, (3) protein solubilisation, (4) isoelectric precipitation of the proteins and (5) protein 273 
resolubilisation which may be followed by a drying step. The parameters selected for each step 274 
greatly vary and appear to depend on the insect. 275 
The homogenisation process consists of reducing the insects to a small particle size by 276 
mechanical grinding. Homogenisation of insects is generally carried out in water at suspension 277 
volumes ranging from 5-50% (w/v) (Table 2). This step allows for an increase in surface area 278 
between the insect particles and the extraction solvent (e.g. water) which generally results in a 279 
more efficient extraction of the protein. The homogenisation step has generally been utilised both 280 
when whole or powdered insect preparations have been studied. 281 
Lipid removal may be achieved using a solvent extraction step (Table 2). Different defatting 282 
protocols using petroleum ether have been applied to B. mori (Jia, Wu, Yan, & Gui, 2015; Li et 283 
al., 2014; Wu, Jia, Yan, Du, & Gui, 2015) or T. molitor L. larvae powders (Dai, Ma, Luo, & Yin, 284 
2013). n-Hexane has also been employed for defatting S. ricinii pupae (Longvah et al., 2011), T. 285 
molitor, Z. morio, A. diaperinus, A. domesticus and B. dubia (Yi et al., 2013). Other lipid 286 
removal processes have been described, employing ethanol or hexane:isopropanol (3:2 (v/v)) 287 
during the defatting of T. molitor (Zhao, Vázquez-Gutiérrez, Johansson, Landberg, & Langton, 288 
2016). Supercritical CO2 has also been used for defatting B. mori chrysalises (Yang et al., 2013). 289 
A major drawback of the use of organic solvents during the defatting stage may be that proteins 290 
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which have an affinity for the solvent may partition to the solvent, resulting in losses of protein 291 
at this stage of the extraction process. Protein losses during solvent defatting have however not 292 
been quantified. A more food-friendly and versatile protocol may be applied for lipid removal 293 
from edible insect homogenates. This consists of centrifugation of insect homogenates at 4C 294 
and removal of the upper layer of lipid from the supernatant (Yi et al., 2013).  295 
Several drawbacks to the direct wider application of B. mori proteins have been reported 296 
including its unpleasant taste (Zhou et al., 2017). In addition to lipid removal, microbial 297 
fermentation has been applied prior to B. mori protein extraction in order to improve their 298 
organoleptic properties. However, a detailed description of the exact process was not provided 299 
(Zhou et al., 2017). In another study by the same authors, Lactobacillus lactis fermentation 300 
(inoculation rate 150 g kg
-1
, 30C for 3 days) of B. mori pupae was conducted as a means to 301 
reduce their unpleasant sensory characteristics (Zhou, Chen, Ji, & Yu, 2016). 302 
Most of the protein extraction processes which have been described in the literature have isolated 303 
either water soluble or non-water soluble proteins from insects. For water soluble protein 304 
extraction, the insect homogenate is generally adjusted to pH values higher than 7.0 (alkaline 305 
extraction) in order to solubilise proteins in the aqueous phase (Table 2). The effect of pH on 306 
aqueous solubility of protein is linked to their overall charge. When the overall charge is high, 307 
electrostatic repulsion exists, which allows proteins to be soluble in aqueous phases. A 308 
centrifugation step at 4C allows for the removal of insoluble compounds. The supernatant 309 
containing water-soluble proteins is retained for subsequent extraction steps. The supernatant is 310 
then adjusted to the isoelectric point (pI) of the proteins, which is generally below pH 5.0 (Table 311 
2). Different precipitation pHs have been used depending on the insect species, i.e. around pH 312 
3.0 for G. sigillatus (Hall et al., 2017), between pH 4.0-5.0 for y T. molitor (Yi, Van Boekel, & 313 
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Lakemond, 2017; Zhao et al., 2016), pH 4.0 (Wu et al., 2011) and pH 4.5 (Wu et al., 2015) for B. 314 
mori pupae, and pH 5.0 for B. mori chrysalises (Yang et al., 2013). The pI of different protein 315 
fractions extracted from B. mori has been determined as being pH 2.5, 2.7, 4.0 and 4.5 for 316 
albumins, globulins, glutelins and prolamins, respectively (Wang et al., 2011). At the pI, proteins 317 
generally have a low aqueous solubility, due to their neutral net charge, which induces 318 
precipitation. The precipitate is subsequently collected as a pellet following a centrifugation step. 319 
Proteins may then be resolubilised at a pH generally close to neutrality. Different pH values (2.0-320 
11.0), NaCl (0.1, 0.5 and 1.0 M) and antibrowning agent concentrations (sodium bisulphite: 0, 1, 321 
2, 3 and 4%, and ascorbic acid: 0.01, 0.02 and 0.04%) were studied during the extraction of 322 
water-soluble proteins from T. molitor (Yi et al., 2017). Protein solubility in water was 323 
dependent on pH, being lower in the pH range 4.0-6.0 (29.6% (w/w) of the total proteins), and 324 
was higher at pH 11.0 (68.6% (w/w) of the total proteins). The addition of NaCl at both at pH 8.0 325 
and 10.0 resulted in a higher water solubility of T. molitor proteins. At pH 8.0, the proportion of 326 
water soluble proteins increased from 59.2 to 94.7% (w/w) with 0.1 and 1.0 M NaCl, 327 
respectively. While at pH 10.0, 69.1 and 100% solubility was reported at 0.1 and 1.0 M NaCl, 328 
respectively. 329 
Non-water soluble protein extraction protocols have also been described in the literature. Non-330 
water soluble protein extraction is generally conducted on insect homogenates using a 331 
centrifugation step and retaining the pellet containing the non-water soluble protein fraction 332 
(Vercruysse, Smagghe, Beckers, & Van Camp, 2009; Vercruysse, Smagghe, Matsui, & Van 333 
Camp, 2008). Recently, Yi et al. (2016) showed using LC-MS/MS that pellets (non-water 334 
soluble extracts) obtained following aqueous extraction of T. molitor mainly contain muscle 335 
proteins (i.e. actin, myosin, tropomyosin and troponin). Other protocols describe the collection of 336 
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various protein fractions from insects. For instance, a sequential extraction has been applied to B. 337 
mori pupae allowing collection of albumin, globulin, glutelin and prolamin fractions using water, 338 
5% NaCl, 0.1 M NaOH and 70% ethanol solutions, respectively (Wang et al., 2011). 339 
Surprisingly, very few studies have reported on further characterisation (e.g. yield and purity) of 340 
the insect protein isolates. Wang et al. (2011) prepared B. mori protein extracts having a total 341 
protein content of 66.83% (dw), while the extraction yield was 85.7%. Recently, a design of 342 
experiments (DOE) approach was used to optimise alkaline protein extraction from T. molitor 343 
(Zhao et al., 2016). Four factors, including NaOH concentration (0.10, 0.25 and 0.50 M), NaOH 344 
solution to defatted worm ratio (6:1, 13:1 and 20:1 mL g
-1
), temperature (20, 50 and 80C) and 345 
extraction time (30, 75 and 120 min) were incorporated in the design. Optimal conditions for 346 
protein extraction were achieved with 0.25 M NaOH, 15:1 mL g
-1
 NaOH solution to defatted 347 
worm ratio, incubation at 40°C for 60 min where extraction was carried out twice. These 348 
conditions allowed the preparation of a protein isolate having 79.0 and 65.1% (dw) purity and 349 
yield, respectively. Extraction yields were found to be within 86.5 and 103% for five insects (T. 350 
molitor, Z. morio, A. diaperinus, A. domesticus and B. dubia) (Yi et al., 2013). A protein isolate 351 
from T. molitor was manufactured by solubilisation of proteins at pH 10.0 in a 0.1 M NaCl 352 
solution containing 3% sodium bisulphite (used as antibrowning agent) followed by an 353 
isoelectric precipitation at pH 4.0. This protein isolate had a yield and a protein content of 22 and 354 
74%, respectively (Yi et al., 2017). 355 
4 Enzymatic hydrolysis of insect proteins 356 
Various processes may be applied to insect proteins to release BAPs. To date, B. mori, a farmed 357 
silkworm which is part of the Asian pharmacopeia (Sun-Waterhouse et al., 2016) and may be 358 
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obtained as a by-product of the silk industry (Yang et al., 2013), appears to be the most 359 
frequently studied insect for the generation of BAPs. Enzymatic hydrolysis of B. mori has been 360 
identified as a processing step resulting in a higher yield of bioactive (ACE inhibition and 361 
antioxidant) components when compared to ultrasound and micronisation treatments (Zhou et 362 
al., 2017). Generally, enzymatic hydrolysis is either directly performed on insect homogenates or 363 
on insect protein isolates. In certain instances, proteins may be denatured by physical means 364 
prior to enzymatic hydrolysis. A recent study has described pre-treatment of B. mori proteins 365 
with ultrasound (frequency 20 kHz, power 250-600 W) preceding the enzymatic generation of 366 
ACE inhibitory peptides with a commercial endoprotease preparation generated from Bacillus 367 
licheniformis, Alcalase
TM
 (Novozymes, Bagsvaerd, Denmark) (Jia et al., 2015). 368 
Different protocols outlining the generation of enzymatic hydrolysates of insect proteins have 369 
been described in the literature. Currently, mammalian digestive and microbial enzymes appear 370 
to be most frequently employed for the generation of insect protein-derived BAPs (Table 2). 371 
Mammalian enzymes may be used during simulated gastrointestinal digestion (SGID) protocols. 372 
Vercruysse et al. (2005) hydrolysed various insects (B. mori, bumble bees (Bombus terrestris), S. 373 
gregaria and cotton leafworm (Spodoptera littoralis)) using SGID protocols (i.e. sequential 374 
hydrolysis with pepsin, trypsin and chymotrypsin) to generate ACE inhibitory peptides. Other 375 
studies have applied SGID protocols to S. littoralis (Vercruysse, Smagghe, Beckers, et al., 2009; 376 
Vercruysse et al., 2008), B. mori larvae and pupae (Wu et al., 2011; Wu et al., 2015). Farmed 377 
insects including adult cricket (Amphiacusta annulipes), locust (S. gregaria and L. migratoria), 378 
B. dubia, Madagascar hissing cockroach (Gromphadorhina portentosa) as well as T. molitor and 379 
Z. morio larvae have also been hydrolysed by SGID processes (Zielińska et al., 2015; Zielińska 380 
et al., 2017). The utilisation of gastrointestinal enzymes (trypsin and pepsin), on their own has 381 
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also been reported during the hydrolysis of B. mori chrysalises (Yang et al., 2013). Microbial 382 
enzymes such as Alcalase
TM
, an Aspergillus-derived enzyme preparation Flavourzyme
TM 
383 
(Novozymes), a Bacillus proteinase Protamex
TM 
(Novozymes), thermolysin and an acid protease 384 
from Aspergillus usamii have been described during hydrolysis of insects including B. mori, B. 385 
terrestris,, S. gregaria, G. sigillatus and S. littoralis (Hall et al., 2017; Jia et al., 2015; 386 
Vercruysse, Smagghe, Beckers, et al., 2009; Vercruysse, Smagghe, et al., 2005; Yang et al., 387 
2013; Zhou et al., 2017). However, the utilisation of plant-derived enzyme preparations during 388 
insect protein hydrolysis appears to be rare. One study describes papain hydrolysis of B. mori 389 
chrysalises (Yang et al., 2013). In certain instances, the origin of the enzyme preparation used is 390 
not disclosed or unclear (Table 2). 391 
The degree of hydrolysis (DH) of the proteins has been assessed in some studies describing 392 
enzymatic digestion of insect proteins. DH values vary from 3 to 100% (Table 2). These large 393 
variations appear to originate from the enzymatic hydrolysis protocol. The insects also governs 394 
the DH achieved. For example, when the same hydrolysis protocol was applied to different insect 395 
species, DH values ranging from 15.8 to 36.3% for A. annulipes and L. migratoria, respectively, 396 
were reported (Zielińska et al., 2017). 397 
Enzymatic hydrolysis of insect proteins has been carried out to generate BAPs or to improve the 398 
technofunctional properties (i.e. solubility, emulsifying, foaming, thermal stability, etc.) of the 399 
proteins. The bio- and technofunctional properties of edible insect protein hydrolysates will be 400 
dealt with in the following sections. 401 
DOI: 10.1016/j.ifset.2017.08.014 
23 
 
5 Antihypertensive properties of insect protein hydrolysates and peptides 402 
5.1 ACE inhibitory activity 403 
Most studies evaluating insect-derived BAPs have targeted ACE inhibition. One of the first 404 
publications reporting on ACE inhibitory insect (B. mori, B. terrestris, S gregaria and S. 405 
littoralis) protein hydrolysates was by Vercruysse, Smagghe, et al. (2005). The proteins from 406 
these four insects were hydrolysed using an SGID process, Alacase or thermolysin (Table 2). 407 
The unhydrolysed proteins (negative controls) showed moderate ACE inhibition, with half 408 
maximal inhibitory concentration (IC50) values ranging from 2.6 to 43.2 mg mL
-1
 for
 
S. littoralis 409 
and B. terrestris, respectively. The ACE inhibitory properties of the negative controls may have 410 
resulted from the presence of insect-derived endogenous proteases, which led to limited insect 411 
protein digestion during the incubation process. The ACE IC50 values of the hydrolysates ranged 412 
between 0.59 and 19.4 mg mL
-1
 for B. mori SGID and S. littoralis thermolysin hydrolysates, 413 
respectively (Vercruysse, Smagghe, et al., 2005). 414 
The role of the enzyme preparation(s), i.e. gastrointestinal enzymes, Alcalase
TM
 and thermolysin, 415 
employed during hydrolysis of insect proteins on the generation of ACE inhibitory hydrolysates 416 
was investigated (Vercruysse, Smagghe, Beckers, et al., 2009). Alcalase
TM
 and thermolysin 417 
hydrolysates of S. littoralis larvae were reported to have ACE IC50 values of 0.827 and 1.392 mg 418 
mL
-1
, respectively. A more potent sample was obtained with SGID of S. littoralis larvae (ACE 419 
IC50 of 0.320 mg mL
-1
), which was further improved on hydrolysis with porcine intestinal 420 
mucosal enzymes (ACE IC50 of 0.211 mg mL
-1
). A T. molitor larvae Alcalase
TM
 hydrolysate was 421 
shown to have an ACE IC50 value of 0.390 mg mL
-1
 (Dai et al., 2013). Gel permeation 422 
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fractionation of this hydrolysate allowed the obtention of a more potent sample with an ACE 423 
IC50 value of 0.230 mg mL
-1
. 424 
B. mori has particularly been studied for its ability to yield ACE inhibitory peptides following 425 
enzymatic hydrolysis. Whole protein extracts and a non-water soluble protein extracts of B. mori, 426 
which contained actin, were hydrolysed using an SGID protocol, yielding hydrolysates with an 427 
ACE IC50 of 0.61 and 0.24 mg mL
-1
, respectively (Vercruysse, Smagghe, van der Bent, et al., 428 
2009). The four protein fractions (i.e. albumins, globulins, glutelins and prolamins) isolated from 429 
B. mori were hydrolysed with an acid protease and evaluated for their ACE inhibitory activity 430 
(Wang et al., 2011). The B. mori albumin hydrolysate displayed the highest DH (17.3%) and the 431 
highest ACE inhibitory activity (27%, however, the hydrolysate concentration tested was not 432 
disclosed) of the four hydrolysed protein fractions. The SGID of a protein isolate obtained from 433 
B. mori larvae had a particularly potent ACE inhibition, with an IC50 value of 0.0083 mg mL
-1
, 434 
which was about twice as high as that of Captopril, an ACE inhibitory drug (Wu et al., 2011). A 435 
B. mori SGID hydrolysate was reported to have ACE inhibitory properties (Wu et al., 2015). The 436 
ACE IC50 values of the hydrolysate and its associated 5 kDa ultrafiltration (UF) permeate were 437 
1.508 and 0.596 mg mL
-1
, respectively. Further fractionation of the 5 kDa permeate by size 438 
exclusion (SE) followed by reverse phase (RP) chromatography allowed the acquisition of a 439 
potent ACE inhibitory fraction, having an IC50 value of 0.029 mg mL
-1
. A recent publication 440 
described the generation of B. mori pupae hydrolysed with a neutral protease, yielding 29% ACE 441 
inhibition at 0.28 mg mL
-1
 (Tao et al., 2017). Ultrasonic treatments when used as a protein 442 
denaturing step prior to enzymatic hydrolysis of B. mori pupae proteins were beneficial in 443 
increasing the ACE inhibitory properties of an Alcalase
TM
 hydrolysate (Jia et al., 2015). The 444 
most potent ACE inhibitory hydrolysate, which displayed an IC50 value of 0.09 mg mL
-1 
was 445 
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obtained for an ultrasonication pre-treatment of 32 min at 410 W followed by 50 min hydrolysis 446 
with Alcalase
TM
. 447 
Besides unhydrolysed proteins, insect-derived cell extracts have also been shown to inhibit ACE 448 
in vitro (Staljanssens et al., 2011). The authors proposed that growing insect cells in culture 449 
could allow the generation of insect peptides/proteins without the need for farming of the insect. 450 
It was shown that cell-free extracts arising from cultures of embryonic cells of common fruit fly 451 
(Drosophila melanogaster) and ovarian cells of fall armyworm (Spodoptera frugiperda) and B. 452 
mori displayed the same (p > 0.05) ACE IC50 values, i.e. 0.7-0.9 mg mL
-1
. Following SGID of 453 
these cell extracts, no modification of the ACE IC50 values was seen. These ACE IC50 values 454 
were particularly low (i.e. more potent) compared to whole insect hydrolysates. In the whole 455 
insects, proteins may be tightly bound to chitin, making them less available to contribute to the 456 
generation of BAPs and thus, bioactivity. In contrast, in cell-free extracts, proteins may be more 457 
readily available. The ACE inhibitory properties seen in insect cell-free extracts were attributed 458 
to peptides which may have been generated by cell-derived endogenous enzymes during the 459 
freeze-thaw cycles applied during generation of the extracts (Staljanssens et al., 2011). 460 
Bioactivity-driven peptide fractionation followed by confirmatory studies with synthetic peptides 461 
have been carried out in order to identify active components responsible for the ACE inhibitory 462 
properties of the edible insect protein hydrolysates. A number of peptide sequences having ACE 463 
inhibitory properties have been identified within insect protein hydrolysates or by in silico 464 
prediction (Table 3). Most ACE inhibitory peptides derived from insects have been identified to 465 
date in studies conducted with B. mori. Two relatively potent known ACE inhibitory peptides, 466 
Val-Phe-Pro-Ser and Val-Trp, having ACE IC50 of 0.46 and 1.50 µM, respectively, were 467 
identified by in silico analysis of B. mori actin (Vercruysse, Smagghe, van der Bent, et al., 2009). 468 
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Using a peptide cutter programme, in silico digestion of actin from B. mori predicted the release 469 
of four different ACE inhibitory peptides (i.e. Glu-Gly, Asp-Leu, Gly-Met and Gln-Lys). 470 
However, the potency of these peptides was quite low (ACE IC50 greater than or equal to 885 471 
µM) (Vercruysse, Smagghe, van der Bent, et al., 2009). An hexapeptide, Ala-Pro-Pro-Pro-Lys-472 
Lys, having an ACE IC50 of 73.8 µM, was identified within B. mori albumin hydrolysed with an 473 
acid protease (Wang et al., 2011). Val-Glu-Ile-Ser (ACE IC50: 63.4 µM) was identified within a 474 
B. mori pupae protein hydrolysate (Li et al., 2014). Val-Glu-Ile-Ser was subjected to SGID, 475 
which resulted in a slight reduction (5%) in its ACE inhibitory properties. A B. mori SGID 476 
sample contained a novel ACE inhibitory peptide, Ala-Ser-Leu, having a competitive mode of 477 
inhibition displaying an ACE IC50 of 102 µM (Wu et al., 2015). A particularly potent ACE 478 
inhibitory peptide, Lys-His-Val (IC50 of 12.8 µM), was identified within an Alcalase
TM
 B. mori 479 
pupae hydrolysate (Jia et al., 2015). The ACE inhibitory activity of Lys-His-Val was unaltered 480 
following SGID. Molecular docking analyses suggested numerous interactions (hydrogen 481 
bonding and ionic interactions with Zn
2+
) between Lys-His-Val and the catalytic site of ACE. 482 
Gly-Asn-Pro-Trp-Met, having an ACE IC50 of 21.7 µM, was fractionated from a B. mori protein 483 
hydrolysate (Tao et al., 2017). This peptide was shown to be relatively stable to digestive 484 
enzymes in vitro as 92.3% of the peptide remained intact after SGID. Peptides identified within 485 
edible insects other than B. mori have also been reported. An ACE inhibitory peptide, Ala-Val-486 
Phe (Table 3), having an IC50 of 2123 µM was isolated from the SGID of S. littoralis larvae 487 
(Vercruysse et al., 2008). A novel ACE inhibitory peptide, Tyr-Ala-Asn (IC50: 46 µM) was 488 
identified within a T. molitor larvae Alcalase
TM
 hydrolysate (Dai et al., 2013). 489 
ACE inhibitory peptides have been identified in many food proteins other than those arising from 490 
edible insects. The ACE inhibitory potency of edible insect protein hydrolysates/peptides is 491 
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comparable to that of other dietary protein hydrolysates/peptides. For instance, ACE IC50 values 492 
ranging from 0.01 to 8.2 mg mL
-1
 and 0.028 to 2.8 mg mL
-1
 have been reported for plant
 
(for 493 
reviews, see: Aluko, 2015; Daskaya-Dikmen, Yucetepe, Karbancioglu-Guler, Daskaya, & 494 
Ozcelik, 2017) and other animal (for review, see: Vercruysse, Van Camp, et al., 2005) protein 495 
hydrolysates, respectively. Relatively potent ACE inhibitory peptides having IC50 values of 0.38 496 
µM (Leu-Arg-Ile-Pro-Val-Ala (Yang, Marczak, Yokoo, Usui, & Yoshikawa, 2003) ) and 0.21 497 
µM (Ile-Lys-Trp (Fujita & Yoshikawa, 1999)) have been identified in spinach ribulose 498 
bisphosphate carboxylase/oxygenase (RuBisCo) and chicken muscle hydrolysates, respectively. 499 
5.2 Antihypertensive activity of insect-derived peptides and hydrolysates 500 
Most in vivo studies which have evaluated the antihypertensive properties of edible insect protein 501 
hydrolysates/peptides have been carried out with insect protein hydrolysates or peptides having 502 
previously been identified for their ACE inhibitory activity. Ala-Val-Phe and Val-Phe, two ACE 503 
inhibitors isolated from a Lepidoptera (S. littoralis) hydrolysate, were administered orally to 504 
spontaneous hypertensive rats (SHRs) at 5 mg/kg body weight (BW) dose (Vercruysse et al., 505 
2010). A significant decrease in systolic blood pressure (SBP) of -13 and -19 mmHg for Ala-506 
Val-Phe and Val-Phe, respectively, was observed. Val-Phe, but not Ala-Val-Phe, was able to 507 
reduce an angiotensin I contractile effect in isolated rat aorta. In addition, molecular docking 508 
analysis suggested poor interaction between Ala-Val-Phe and the active site of ACE. Ala-Val-509 
Phe was resistant to SGID, however, after digestion with pig mucosal peptidases, around 22% of 510 
this peptide was degraded, releasing Val-Phe. Therefore, it was suggested that following 511 
ingestion, Ala-Val-Phe was degraded to Val-Phe during gastrointestinal transit, which was likely 512 
to be the active form of this antihypertensive peptide in vivo. 513 
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Tyr-Ala-Asn, an ACE inhibitory peptide isolated from a T. molitor larvae Alcalase
TM
 514 
hydrolysate, was administered to SHRs at doses ranging from 100 to 400 mg peptide/kg BW 515 
(Dai et al., 2013). Despite its moderate ACE IC50 value, oral administration of Tyr-Ala-Asn 516 
caused a significant reduction in SBP, i.e. -27 mmHg 4 h after intake of the highest dose of 400 517 
mg peptide/kg BW evaluated. In this study, it was suggested that blood pressure reduction 518 
mechanisms other than ACE inhibition as well as the potential gastrointestinal processing of this 519 
peptide, yielding more potent ACE inhibitors, may explain these results. 520 
The antihypertensive activity of a B. mori pupae hydrolysate was evaluated in SHRs (Wang, 521 
Wang, & Zhang, 2014). A dose-response dependent antihypertensive effect was seen following 522 
oral feeding of SHRs with hydrolysate doses ranging from 5 to 60 mg/kg BW. A decrease in 523 
SBP ranging from -9.0 to -21.5 mmHg 90 min after hydrolysate ingestion for the 5 and 60 mg/kg 524 
BW doses, respectively, was observed. After a longer duration feeding study (4 weeks), the SBP 525 
decreased from -17.5 to -25.0 mmHg after 90 min ingestion for 40 and 80 mg/kg BW/day doses, 526 
respectively. Interestingly, no effect on SBP was observed in normotensive rats fed with 80 527 
mg/kg BW/day of the hydrolysate. 528 
Cell-free extracts of D. melanogaster were shown to significantly reduce SBP (-12 and -6 529 
mmHg) after intake of the sample which was subjected (6 h after intake) or not (4 h after intake) 530 
to SGID, respectively, when orally administered (150 mg/kg BW) to SHRs (Staljanssens et al., 531 
2011). 532 
In vivo studies conducted with dietary proteins not arising from edible insects have shown 533 
comparable SBP reductions in SHRs. For example, SBP decreases ranging from -12 to -38 534 
mmHg (for review, see: Aluko, 2015) and -10 to -50 mmHg (for review, see: Iwaniak, 535 
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Minkiewicz, & Darewicz, 2014) has been reported following the administration of plant and 536 
animal protein hydrolysates/peptides, respectively. 537 
6 Antioxidant activity of insect protein hydrolysates and peptides 538 
The antioxidant activity of insect protein hydrolysates has been shown in vitro. Alcalase
TM
, 539 
thermolysin and SGID hydrolysates of S. littoralis larvae were found to have very similar 540 
antioxidant, i.e. 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) and 2,2-541 
diphenyl-1-picrylhydrazyl (DPPH), activities (Vercruysse, Smagghe, Beckers, et al., 2009). The 542 
SGID of protein isolates obtained from B. mori larvae was reported to have DPPH and Fe
2+
 543 
chelating activities with half maximal effective concentration (EC50) values of 0.058 and 2.030 544 
mg mL
-1
, respectively (Wang et al., 2011). 545 
Different enzyme preparations, i.e. Alcalase
TM
 2.4L, Flavourzyme
TM
, Protamex
TM
, papain, 546 
trypsin and pepsin, were employed during hydrolysis of chrysalises B. mori protein (Yang et al., 547 
2013). The hydrolysate yielding the highest DH and DPPH scavenging activity was that obtained 548 
with Alcalase
TM
. Optimisation of the generation of antioxidant (DPPH scavenging) peptides in B. 549 
mori chrysalises protein hydrolysate obtained with Alcalase
TM
 2.4L was conducted using a DOE 550 
and response surface methodology (RSM) approach. Three hydrolysis parameters which 551 
consisted of enzyme to substrate ratio (E:S, 0.2, 0.5 and 0.8% (w/w)), pH (7.0, 8.0 and 9.0) and 552 
temperature (44, 52 and 60C) were evaluated at three levels. The optimum parameters for 553 
generating B. mori chrysalises protein hydrolysate having high antioxidant activity were 554 
predicted as E:S 0.738% (w/w), pH 7.97 and 60C. The predicted DPPH scavenging activity 555 
(66.1%) of an hydrolysate generated using the optimum conditions was not significantly 556 
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different from the experimentally determined value (67.5% DPPH scavenging at final 557 
hydrolysate concentration of 0.17 mg mL
-1
, p > 0.05). 558 
Recently, the antioxidant activity (ABTS and DPPH scavenging, Fe
2+
 chelating and reducing, 559 
and Cu
2+
 chelating activities) of various farmed insects (Table 2) which went through an SGID 560 
protocol was determined (Zielińska et al., 2017). DPPH EC50 values ranged between 0.019 and 561 
0.076 mg mL
-1
 for A. annulipes and B. dubia hydrolysates, respectively. ABTS EC50 values 562 
ranged from 0.005 to 0.026 mg mL
-1
 for Z. morio and L. migratoria hydrolysates, respectively. 563 
The highest Fe
2+
 (58.8%) chelating activity and Fe
2+
 reducing power (0.652) were obtained for 564 
the A. annulipes hydrolysate. The highest Cu
2+
 (86.1%) chelating activity was observed with the 565 
L. migratoria hydrolysate. 566 
The antioxidant activity reported for edible insect protein hydrolysates/peptides was found to be 567 
relatively high compared to other food protein hydrolysates. For example, DPPH scavenging 568 
EC50 values between 0.6 and 25 mg mL
-1
 were reported for fish protein hydrolysates (for review 569 
see: Sila & Bougatef, 2016). Lower DPPH scavenging EC50 values were reported for plant 570 
protein hydrolysates, e.g. 0.6 and 0.5 mg mL
-1
 for jujube red date (Zizyphus jujube) protein 571 
hydrolysate fractions (Memarpoor-Yazdi, Mahaki, & Zare-Zardini, 2013) and values ranging 572 
from 0.5 to 0.9 mg mL
-1
 for canola protein hydrolysates (Alashi et al., 2014). 573 
A limited number of studies have demonstrated in vivo antioxidant activity (plasma lipid 574 
peroxidation and production of superoxide dismutase in erythrocytes) from silk fibroin protein 575 
hydrolysates (Yuan et al., 2012). However, the in vivo evaluation of antioxidant properties of 576 
insect protein hydrolysates does not appear to have been extensively studied, to date. 577 
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7 Antidiabetic activity of insect protein hydrolysates and peptides 578 
A number of publications have demonstrated that silk protein-derived hydrolysates display in 579 
vitro -glucosidase inhibitory activity (Hu, Cui, Ren, & Peng, 2008; Lee et al., 2011). Not many 580 
studies have evaluated the -glucosidase inhibitory activity of insect protein hydrolysates. 581 
However, a recent study has assessed the -glucosidase inhibitory activity of peptides derived 582 
from B. mori proteins. Zhang et al. (2016) used a quantitative structure activity relationship 583 
(QSAR) approach for prediction of -glucosidase inhibitory activity of peptides. In silico 584 
digestion of B. mori proteins was performed using a peptide cutter programme. The QSAR 585 
model was applied to peptides less than 10 amino acids which were predicted to be released by 586 
the in silico digestion analysis (800 peptides). Based on the QSAR-predicted -glucosidase 587 
inhibitory activity, four of the most potent peptides were evaluated for their in vitro -588 
glucosidase inhibition. This allowed identification of two particularly potent -glucosidase 589 
inhibitory peptides (Table 3), Ser-Gln-Ser-Pro-Ala and Gln-Pro-Gly-Arg, having IC50 values of 590 
20 and 65.8 µM, respectively. Interestingly, Ser-Gln-Ser-Pro-Ala was found to have a similar 591 
potency as acarbose, the positive control used in the -glucosidase inhibitory assay. Molecular 592 
docking analysis with these peptides revealed that they all interacted via hydrogen bonding with 593 
Lys776 in the active site of -glucosidase. 594 
In line with the small number of studies reporting in vitro antidiabetic effects of insect proteins, 595 
the number of in vivo studies is also scarce. In vivo studies reported on the antidiabetic 596 
(insulinotropic, increased cellular glucose uptake and hypoglycaemic) properties of silk protein 597 
hydrolysates having in vitro -glucosidase inhibitory properties (Han, Lee, Lee, et al., 2016; 598 
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Jung et al., 2010). To date, it appears that hydrolysates from edible insect protein hydrolysates 599 
have not been assessed for their antidiabetic activity. 600 
8 Technofunctional properties of insect protein hydrolysates 601 
It is important to assess the technofunctional properties (e.g. solubility, interfacial properties, 602 
thermal stability, etc.) in order to confirm if food protein hydrolysates are suitable for food 603 
applications. The solubility and thermal stability of an ACE inhibitory gel filtration fraction 604 
(ACE IC50 of 161 mg mL
-1
) isolated from a B. mori pupae hydrolysate were determined (Li et 605 
al., 2014). The solubility of the hydrolysate fraction was higher than 80%. The solubility was not 606 
pH dependent (pH range 2.0-10.0). Val-Glu-Ile-Ser, the ACE inhibitory peptide identified within 607 
the B. mori pupae hydrolysate, was stable at temperatures lower than or equal to 40C, pH lower 608 
than or equal to 8.0 or NaCl concentrations lower than or equal to 0.8 M in aqueous solution. 609 
However, at higher temperatures, pH or NaCl concentrations, reductions in the ACE inhibitory 610 
properties were seen, i.e. up to 17.6% at 100C, 24.3% at pH 10, and 23.7% at 1.2 M NaCl (Li et 611 
al., 2014). The thermal stability of the ACE inhibitory peptide Gly-Asn-Pro-Trp-Met isolated 612 
from B. mori was assessed following heating at 40, 60 and 80C for 6 h in 100 mM sodium 613 
borate buffer pH 8.3 (Tao et al., 2017). A small decrease in peptide concentration (around 15%) 614 
was observed when it was held at 80 compared to 40C. This decrease was not detrimental to the 615 
ACE inhibitory activity as it increased from 102.2 to 107.4% when the peptide was heated at 40 616 
compared to 80C, respectively. Heat treatment (10 min boiling at 100C or baking at 150C) 617 
when applied to T. molitor larvae, adult G. sigillatus and S. gregaria prior to enzymatic 618 
hydrolysis was shown to affect the DH (Zielińska et al., 2015). For the same insect species, 619 
significantly different DH values (p < 0.05) were obtained after SGID of the raw, boiled and 620 
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baked insect samples. However, no significant difference (p > 0.05) was seen in the DH of the 621 
raw and baked S. gregaria when subjected to SGID. 622 
The technofunctional (solubility, emulsifying and foamability) properties of G. sigillatus 623 
hydrolysed with Alcalase
TM
 have been determined (Hall et al., 2017). The DH of these 624 
hydrolysates ranged from 26.1 to 52.4% (Table 2). Insect proteins generally have limited water 625 
solubility. However, significantly higher solubility (p < 0.05) at pH 3.0, 7.0, 8.0 and 10.0 was 626 
seen following hydrolysis. Similarly, a significant enhancement in foamability 30 s after foam 627 
preparation was reported in the Alcalase
TM
 hydrolysates (up to 155% foam capacity) compared 628 
to the unhydrolysed control (100% foam capacity). However, over 60 and 90 min storage, the 629 
foam capacity in the control was higher than in the Alcalase
TM
 hydrolysates. Emulsion capacity 630 
60 s after emulsification was improved in selected Alcalase
TM
 hydrolysates. Furthermore, after 631 
60 min holding, all hydrolysates displayed higher emulsion stability than the control. 632 
Studies which have evaluated insect protein hydrolysates in food matrices are rare. Recently, 633 
however, a B. mori pupae hydrolysate was formulated into milk at concentrations ranging from 634 
0.1-0.9% (w/v) during yoghurt manufacture (Wang, Wang, Liu, & Jin, 2017). Addition of the B. 635 
mori protein hydrolysate increased the rate of milk acidification, with the highest rate of 23.4 636 
titratable acidity (TA) h
-1
 seen with yoghurts formulated with 0.9% (w/v) hydrolysate. The 637 
rheological properties of the yoghurts were modified, especially for yoghurts supplemented with 638 
0.5% (w/v) hydrolysate where the highest firmness and consistency was seen. However, at 639 
hydrolysate concentrations greater than or equal to 0.7% (w/v), a significant reduction (more 640 
than 8%, p < 0.05) in water holding capacity of the resultant yoghurts was reported. Yoghurts 641 
enriched with the hydrolysate (greater than or equal to 0.3% (w/v)) displayed higher in vitro 642 
ACE inhibitory properties than the control yoghurt (containing no hydrolysate). When sensory 643 
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evaluation of the yoghurts was conducted, there was no detectable difference in their visual 644 
appearance compared to the control. However, significant differences were observed for the 645 
flavour and mouthfeel of the yoghurts depending on the hydrolysate concentration included. The 646 
acceptability of the yoghurts enriched with concentrations of B. mori pupae hydrolysate higher 647 
than 0.3% was lower than that of the control yoghurt. 648 
9 Safety of edible insect protein hydrolysates 649 
The safety of edible insects for humans consumption is still not properly established as the 650 
research in this area is relatively new (Spiegel et al., 2013). However, the potential risks (i.e. 651 
pesticides, allergens, contaminants and pathogens) associated with edible insect ingestion by 652 
humans have been reviewed in several publications (Belluco et al., 2015; Belluco et al., 2013; 653 
Spiegel et al., 2013). The safety of M. domestica, blue bottle (Calliphora vomitoria), blow fly 654 
(Chrysomya spp.) and H. illucens larvae was assessed in relation to animal feed (Charlton et al., 655 
2015). Contaminants (i.e. veterinary compounds, pesticides, heavy metals, dioxins and 656 
polychlorinated biphenyls (PCBs), polyaromatic hydrocarbons and mycotoxins) were generally 657 
lower compared to the levels authorised in the EU and the Codex Alimentarius. However, some 658 
of the M. domestica samples contained Cd levels higher than that authorised in the EU. 659 
Contaminant levels (i.e. flame retardants, PCBs, dichlorodiphenyltrichloroethane (DDT), dioxin 660 
compounds and pesticides) and metals (As, Cd, Co, Cr, Cu, Ni, Pb, Sn and Zn) were reported to 661 
be lower or similar in four edible insect species (greater wax moth (Galleria mellonella), L. 662 
migratoria, T. molitor and A. diaperinus) marketed for human consumption when compared to 663 
other animal products (i.e. fish, meat and eggs) (Poma et al., 2017). 664 
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Besides chemical contaminants, specific microbial contaminants may also constitute a hazard for 665 
humans. The microbiota of edible processed marketed edible insects (A. domesticus, L. 666 
migratoria and T. molitor) has recently been studied to search for pathogens and beneficial 667 
microbes (Garofalo et al., 2017). While low microbial counts were reported, food spoilage (e.g. 668 
Pseudomonadaceae and Clostridium spp) and pathogenic (e.g. Enterobacteriaceae and trace 669 
levels of non-viable Listeria monocytogenes and Salmonella spp) microorganisms were 670 
identified within the different products studied. In another study, high microbial counts of food 671 
spoilage and certain pathogenic microorganisms (e.g. lactic acid bacteria, Staphylococcus and 672 
Clostridium) were reported in fresh T. molitor larvae and grasshoppers (Locusta migratoria 673 
migratorioides) intended for human nutrition (Stoops et al., 2016). This highlighted the need for 674 
the application of further processing steps to edible insects to reduce microbial contamination. A 675 
recent study reported on microbial characterisation of processed minced meat-like products 676 
obtained from mealworm larvae (T. molitor and A. diaperinus) during production and storage 677 
(Stoops et al., 2017). Low total aerobic counts were found in the freshly made products (below 678 
4.0 log colony forming unit (CFU) g
-1
) as well as the 35-day old products stored at 4C under 679 
modified atmosphere (below 8.0 log CFU g
-1
). These values are generally lower than those 680 
reported in minced meat, which is very promising for the processing of insects in the 681 
manufacture of food products. 682 
The safety of edible insect-derived peptides and hydrolysates has been evaluated using in vitro 683 
cytotoxicity assays. The effect of 10 min thermal processing (boiling at 100C and baking at 684 
150C) of T. molitor larvae, adult G. sigillatus and S. gregaria on their cytotoxicity to human 685 
skin fibroblasts (CRL-2522) was assessed (Zielińska et al., 2015). Differential effects of the 686 
thermal treatment prior to SGID were seen when hydrolysate cytotoxicity was evaluated. In 687 
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particular, CRL-2522 growth stimulation occurred on SGID of T. molitor and G. sigillatus, 688 
which was more pronounced with raw G. sigillatus samples compared to the baked and boiled 689 
equivalents. In contrast, cytotoxic effects (up to 40% cell death) were evidenced with S. gregaria 690 
in particular with raw samples (at concentrations greater than or equal to 0.25 mg mL
-1
), while 691 
no cytotoxic effects were reported with the boiled and baked samples. This study indicates that 692 
thermal treatment may be used to alleviate the potential cytotoxic effects of insect protein 693 
preparations. 694 
The toxicity of T. molitor larvae powder was assessed in rats (Han, Lee, Jung, et al., 2016). The 695 
no observed adverse effect level (NOAEL) of powdered T. molitor larvae was determined as 696 
being higher than 3 g/kg BW/day in a 90-day rat feeding study. Silkworm (Antheraea pernyi) 697 
pupae proteins were found to be safe at doses higher than 15 g/kg BW when administered for 30 698 
days to mice (Zhou & Han, 2006). The safety of a B. mori pupae hydrolysate was evaluated in a 699 
study using SHRs (Wang et al., 2014) which were orally administered with hydrolysate doses as 700 
high as 5.2 g/kg BW. No toxicity was observed 14 days after feeding, i.e. no deaths or 701 
abnormalities in SHR organs. 702 
Peptides derived from insects are naturally released in vivo following ingestion of insect proteins. 703 
Edible insects have been part of the human diet for a very long time. Therefore, the general 704 
safety of insect protein hydrolysates and peptides may be assumed (Ko, 2016; Spiegel et al., 705 
2013; van Huis, 2013). However, certain human populations have not been exposed to 706 
significant insect levels in their diet, other than by unwanted insect ingestion through 707 
inadvertently contaminated foods. Allergenic reactions similar to those caused by crustaceans 708 
may occur following the ingestion of certain edible insects (Belluco et al., 2015; Belluco et al., 709 
2013; Pener, 2014, 2016). Cases of occupational allergies during insect farming and allergies 710 
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following edible insect consumption have been reported in several reviews (Barre et al., 2016; 711 
Blecker et al., 2016; Feng et al., 2017; Pener, 2014, 2016; Schlüter et al., 2017). Therefore, in 712 
addition to toxicity, the occurrence of allergic reactions following insect consumption by humans 713 
has been evaluated. Arginine kinase was identified as an allergen from B. mori larvae using the 714 
sera of subjects allergic to silkworm, (Liu et al., 2009). Cross-reactivity of proteins (more 715 
particularly tropomyosin and arginine kinase) extracted from T. molitor with sera from patients 716 
suffering from house dust mite or crustacean allergy was reported (Verhoeckx et al., 2014). The 717 
allergenicity of proteins extracted from three edible mealworms (T. molitor, Zophobas atratus 718 
and A. diaperinus) has recently been evaluated in vitro by studying their cross-reactivity in sera 719 
of human subjects suffering from crustacean or house dust mite allergies (van Broekhoven, 720 
Bastiaan-Net, de Jong, & Wichers, 2016). For specific insects such as crickets, most allergy 721 
cases appear to be occupational while food related allergies are rare (Pener, 2016). In addition, 722 
symptoms associated with cricket allergies have been described as being less severe than those 723 
experienced in the case of allergies to locusts and grasshoppers (Pener, 2014, 2016). Arginine 724 
kinase and hexamerin B1 have been identified as allergens in crickets (Pener, 2016) while with 725 
locust, the peritropic membrane has been implicated in allergic reactions (Pener, 2014). 726 
Occupational allergies have also been described with locusts and grasshoppers. Consumption of 727 
locusts and grasshoppers has, in certain instances, caused severe anaphylactic shock in humans 728 
and severe cases of asthma have also been reported in the literature (Pener, 2014). Personal 729 
protective equipment may be used in the case of occupational allergy while removal/reduction of 730 
exposure to the allergen, tolerance induction or anti-allergic drugs have been proposed in the 731 
case of food or airborne allergy. Studies on the allergenic potential of BAPs derived from edible 732 
insects do not appear to have been carried out, to date. While an allergenic potential has been 733 
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evidenced with certain insects, this may, in certain instances, be alleviated with the use of 734 
thermal processing (Pener, 2016; van Huis, 2016). 735 
Finally, insect farming may present a risk for the environment. In particular in the event of 736 
accidental insect escape from farming facilities. For instance, certain insects such as 737 
grasshoppers can become a threat for crops (Riggi, Veronesi, Verspoor, MacFarlane, & 738 
Tchibozo, 2013). 739 
10 Legislation on the use of edible insects in human nutrition 740 
To date, most of the research on edible insects appears to have been carried out on their 741 
nutritional status as well as their safety for human consumption (Belluco et al., 2015). While 742 
promising results have arisen from these studies, edible insects are still not broadly utilised for 743 
animal feed and human nutrition in several countries, mainly due to legislative hurdles. Most 744 
regulations regarding insects are linked with limitations of insects as contaminants in specific 745 
plant-based foods (van Huis, 2013). While the composition of several edible insects has been 746 
included in nutritional databases in countries from the Association of Southeast Asian Nations 747 
(ASEAN) (Puwastien & Craven, 2014) and West Africa (Stadlmayr et al., 2012), this was not the 748 
case for databases available from the FAO/WHO (van Huis, 2013). However, changes are 749 
happening in this regard, for instance, compositional data for edible insects (254 and 202 entries 750 
for wild and farmed insects, respectively) have now been included in the FAO/International 751 
Network of Food Data Systems (INFOODS) database (Nowak, Persijn, Rittenschober, & 752 
Charrondiere, 2016). To date, there is still a lack of clarity in many countries as to whether edible 753 
insects are considered as food components (Halloran, Vantomme, Hanboonsong, & Ekesi, 2015). 754 
At an international level, the FAO has been working on the evaluation of insect safety for animal 755 
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feed and human nutrition (van Huis et al., 2013). While commonalities exist around the globe, in 756 
particular regarding the safety of edible insects, legislation regarding their use as animal feed and 757 
human food differs in different parts of the world. In several jurisdictions, edible insects are 758 
generally classified as so called “novel foods”, which requires safety evaluation prior to their 759 
authorisation for animal and human nutrition. 760 
Asian countries are particularly advanced in terms of the legislation for the use of edible insects 761 
in human nutrition, possibly due to their long history of insect consumption. While there does 762 
not appear to be any regulation related to the use of edible insect as foods, specific regulations 763 
are in place in terms of good farming practices and environmental protection in countries such as 764 
Thailand (Halloran et al., 2015). In China, twelve different insect species (B. mori L., A. pernyi, 765 
pine caterpillar (Dendrolimus punctatus), Chinese white wax scale insect (Ericerus pela), T. 766 
molitor L., deep mountain longhorn beetle (Massicus raddei Blessig), weaver ant (Polyrhachis 767 
dives Smith), slavemaker ant (Formica sanguinea Lat.), M. domestica L., American cockroach 768 
(Periplaneta americana (L.)), fungus-growing termite (Macrotermes barneyi Ligh) and 769 
subterranean termite (Odontotermes formosanus (Shiraki))) have been evaluated from a 770 
toxicological point of view up to 2014 (Feng et al., 2017). Silkworm pupae have been approved 771 
as health foods and medicines by the Chinese Ministry of Health and State Food and Drug 772 
Administration (Belluco et al., 2015; Zhou & Han, 2006). 773 
In Australia and New Zealand, selected insect species (i.e. Z. morio, A. domesticus, and T. 774 
molitor) are not regarded as novel foods. Therefore, their utilisation for human nutrition is 775 
authorised on condition that they should follow the same standards required for other more 776 
conventional foodstuffs and that they are adequately declared on the packaging (Halloran & 777 
Münke, 2014). 778 
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In African countries such as Kenya, entomophagy is part of the food culture. However, as in 779 
certain Asian countries, the legislation seems to apply more to the establishment of good farming 780 
standards for insects. There does not seem to be any specific regulations, rather than standard 781 
regulations which apply to food products in general, for edible insects destined for human 782 
nutrition (Halloran et al., 2015). Legislation is generally not a hurdle for edible insect 783 
consumption as these are already considered as food components in several African countries 784 
which have a long history of entomophagy. However, limitations still exist in terms of trading 785 
edible insects between countries. For instance, as insects are considered as wildlife and therefore 786 
protected in Uganda, their registration with the National Bureau of Standards is required before 787 
they can be transported across borders (Halloran & Münke, 2014). 788 
In Northern America, the legislation varies depending of the country. In the USA, insects and 789 
insect based-foods are regulated by the Food And Drug Administration (FDA) and they fall 790 
under the same regulations as other food products regarding good manufacturing practices 791 
(Halloran & Münke, 2014). Insects are classified as food additives in the USA, meaning that 792 
their presence must be declared on food packaging (Halloran & Münke, 2014). Insects which are 793 
used as foods for humans must be farmed for human food following good manufacturing 794 
practices to obtain a generally recognised as safe (GRAS) status (Halloran & Münke, 2014; van 795 
Huis, 2016). In Canada, the only insects which are considered as novel foods are those for which 796 
a safe history of consumption by humans is not available. Trading and utilisation of other edible 797 
insects is permitted as long as they obey the Canadian Foods and Drugs Act (Halloran et al., 798 
2015). Municipal or provincial health authorities can however condition, limit or prohibit the 799 
sale of insect-based dishes (Halloran & Münke, 2014). 800 
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The regulations applied to edible insects in the EU have been reviewed in 2013 by Spiegel et al. 801 
(2013). At the time, there was a lack of clarity as to the category under which edible insects fall 802 
into (are they considered as (1) animals and (2) novel products?), making it complicated to 803 
understand legislative requirements for insect-based food and feed products. While being 804 
considered as novel foods, edible insects are currently marketed in several EU countries in health 805 
or online shops. The EU has prohibited the use of processed animal protein (PAP), which also 806 
includes proteins from invertebrates, for feed to farmed animals or for humans as end-users (EC 807 
999/2001). The European Food Safety Authority (EFSA) has recently provided an opinion on the 808 
risks (chemical, microbial and environmental) associated with the use of insects in animal feed 809 
and human nutrition (EFSA, 2015). A new regulation (EU, 2015/2283) on novel foods which 810 
will apply to whole insects and their component parts will be applied from January 2018. This 811 
regulation will be put in place to provide for novel food categories and to establish the 812 
requirements and procedures for novel food applications. 813 
Since May 2017, Switzerland has recognised three edible insects (T. molitor, A. domesticus and 814 
L. migratoria) as food components for human nutrition in its Foodstuffs Act (FSVO, 2017). The 815 
importation of these edible insects is subject to authorisation which is granted by the Federal 816 
Food Safety and Veterinary Office (FSVO) in Switzerland. 817 
Interestingly, several international research consortia are involved in the generation of scientific 818 
data to provide safe edible insects and insect-based products. These initiatives involve countries 819 
generally based in Africa and Asia, where edible insects have traditionally been consumed and 820 
farmed as well as some countries located in Europe. An EU-funded project PROteINSECT 821 
(http://www.proteinsect.eu/) initiated in 2013 has been working on building scientific evidence 822 
to support the introduction of EU legislation for insect PAP in animal feed. PROteINSECT has 823 
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evaluated the sustainability of fly larvae (M. domestica and H. illucens) as a protein source for 824 
animals. This project, coordinated by the Food and Environmental Research Agency (FERA) in 825 
the United Kingdom (UK), involved seven different countries based in Africa, Asia and Europe. 826 
PROteINSECT aimed to use fly larvae for the degradation of organic waste which may then be 827 
employed as a fertiliser and compost. Farmed fly larvae may then be processed to produce 828 
protein-rich feed for (1) livestock farming, providing an alternative to the large amounts of crop 829 
by-products (e.g. soymeal) being imported in the EU for this purpose and (2) aquaculture to 830 
replace soymeal and fishmeal derived from wild fish catches. Another similar initiative, 831 
GREEiNSECT (http://greeinsect.ku.dk/), a research consortium between Kenya and Denmark to 832 
develop insect-derived protein-rich products as feed and foods, is on-going. The Flying Food 833 
project (http://www.flyingfoodproject.com/) is a consortium between Kenya, Uganda and The 834 
Netherlands, which is specifically working on farming, processing and the marketing of crickets. 835 
As already discussed in the previous section, different tools are being developed which may be 836 
very useful for safety purposes to detect poisonous insect species and assist in the makeup of a 837 
legislative framework in different jurisdictions. For instance, analytical methods to identify 838 
markers which are specific to certain insect species have been described. Most of these studies 839 
have been employed for the identification of pestiferous insects (Sambou et al., 2015; Yssouf et 840 
al., 2014). However, a recent study has employed liquid chromatography matrix-assisted laser 841 
desorption ionisation-time of flight (LC-MALDI-TOF) MS to identify various species of edible 842 
insects (A. domesticus, A. diaperinus, T. molitor and L. migratoria) (Ulrich et al., 2017). The 843 
insect proteins were identified using MALDI-TOF MS Biotyper OC software (Bruker Daltoniks 844 
GmbH, Bremen, Germany). Additionally, components in the 2-20 kDa mass range were found 845 
suitable for the generation of specific fingerprint spectra for insects. 846 
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11 Conclusions 847 
This review has shown that certain edible insects such as B. mori have been extensively studied 848 
for the generation of BAPs through enzymatic hydrolysis. The very large number of edible 849 
species suggests that additional insects may be incorporated in future studies. Therefore, the 850 
application of in silico methods to mine BAPs in proteins from edible insect may help to identify 851 
other species which have been understudied. In order to apply in silico tools, the sequences of the 852 
different proteins present within various insects must first be available. Therefore, there is a 853 
requirement for a more extensive characterisation of the proteome of edible insects. 854 
To date, there is no clear regulatory status in most countries regarding the use of edible insects 855 
for human nutrition or animal feed. Some insect protein hydrolysates have shown no 856 
cytotoxic/allergenic effects while others have. However, these negative effects could sometimes 857 
be reversed by applying a heat treatment step prior to enzymatic hydrolysis. A limited number of 858 
studies have demonstrated the safety of insect protein hydrolysates in small animals. It is 859 
anticipated that the majority of edible insects are safe for human consumption as they are already 860 
part of the diet of humans in various parts of the world. Nevertheless, this needs to be 861 
scientifically tested to protect consumers. 862 
Relatively potent BAPs have been identified, some of which had interesting activities (mainly 863 
antihypertensive) in small animals. The bioactive potency of edible insect protein 864 
hydrolysates/peptides has been shown to be similar or higher than that of other dietary proteins 865 
(plants and animals). The interest of further pursuing research in the area of BAPs derived from 866 
edible insects may lead to discovery of novel peptide sequences which may be more potent 867 
and/or more bioavailable than BAPs generated from more conventional dietary proteins. 868 
Entomophagy may become a “norm” around the globe in the future. Therefore, further scientific 869 
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evaluation of understudied edible insects is required in order to better understand the potential of 870 
edible insects in human health. More opportunities exist to develop highly potent hydrolysates 871 
and BAPs having potential to enhance human health while simultaneously providing a high 872 
quality source of dietary nitrogen and essential amino acids. 873 
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Table 1 1281 
Order Family Genus Species Common name Protein content 
(% (dw)) 
Reference 
Orthoptera     22.8-65.39 Xiaoming et al. (2010) 
 Gryllidae Gryllodes sigillatus banded cricket 70.0 Zielińska et al. (2015) 
  Acheta domesticus house cricket 55.00-70.75 Rumpold and Schlüter (2013a) 
  Amphiacusta annulipes cricket -  
 Acrididae Locusta migratoria locust 42.16-58.62 Mohamed (2016) 
  Schistocerca gregaria desert locust 76.0 Zielińska et al. (2015) 
 Tettigoniidae Ruspolia differens grasshopper  43.10-44.30 Rumpold and Schlüter (2013a) 
Coleoptera     23.20-66.20 Xiaoming et al. (2010) 
 Tenebrionidae Tenebrio molitor yellow mealworm 47.18-60.20 Rumpold and Schlüter (2013a) 
  Zophobas morio superworm 43.13-46.79 Rumpold and Schlüter (2013a) 
  Alphitobius diaperinus lesser (or buffalo) 
mealworm 
58.03 Yi et al. (2013) 
Lepidoptera     14.05-68.30 Xiaoming et al. (2010) 
 Bombycidae Bombyx mori silkworm 48.70-69.84 Rumpold and Schlüter (2013a) 
 Saturniidae Samia ricinii eri silkworm 54.00-54.80 Rumpold and Schlüter (2013a) 
Blattodea     - - 
 Blaberidae Blaptica dubia Dubia cockroach 59.2 Yi et al. (2013) 
  Gromphadorhina portentosa Madagascar hissing 62.52-63.35 Oonincx and Dierenfeld (2012) 
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cockroach 
Noctuidae     - - 
 Noctuidae Spodoptera littoralis cotton leafworm - - 
Isoptera     - - 
 Termititae Macrotermes subhylanus termites 39.34* Kinyuru et al. (2013) 
Hymenoptera     12.65-76.69 Xiaoming et al. (2010) 
 Apidae Bombus terrestris bumble bees - - 
*The insects were dewinged; -: value not available in the literature. 1282 
 1283 
 1284 
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Table 2 1285 
Insect(s) Extraction Enzyme(s) DH (%) Bioactivity Reference 
Laboratory colony of insects: 
  B. mori 
 B. terrestris 
 S. gregaria 
 S. littoralis 
 homogenisation in 50 mM Tris-
HCl buffer pH 7.4 at 10% (w/v) 
 collection of the water soluble 
protein fraction (supernatant) by 
centrifugation 
 lyophilisation 
SGID (pepsin, 
trypsin and 
chymotrypsin), 
Alcalase
TM
 or 
thermolysin. 
62.7-105.6 ACE inhibition Vercruysse, 
Smagghe, et al. 
(2005) 
Laboratory colony of S. 
littoralis 
 homogenisation in dH2O at 10% 
(w/v) 
 collection of non-water soluble 
protein fraction (pellet) by 
centrifugation 
 lyophilisation 
SGID (pepsin, 
trypsin and 
chymotrypsin) 
nd ACE inhibition Vercruysse et al. 
(2008) 
Laboratory colony S. littoralis  homogenisation in 150 mM NaCl 
+ 0.01M iodoacetic acid 
 collection of non-water soluble 
protein fraction (pellet) by 
centrifugation 
SGID (pepsin, 
trypsin and 
chymotrypsin), 
Alcalase
TM
 or 
thermolysin. 
nd ACE inhibition and 
antioxidant (DPPH 
scavenging and 
FRAP) 
Vercruysse, 
Smagghe, 
Beckers, et al. 
(2009) 
Commercial B. mori pupae 
defatted dry powder 
 aqueous extraction at 20% (w/v) 
to collect albumins  
 5% NaCl extraction to collect 
globulins  
 0.1M NaOH extraction to collect 
glutelins 
 70% ethanol extraction to collect 
prolamins 
 lyophilisation 
acid protease 5.30-17.3 ACE inhibition Wang et al. 
(2011) 
Silkworm larvae  homogenisation in dH2O at 10% SGID (pepsin and nd ACE inhibition and Wu et al. (2011) 
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(w/v) 
 protein solubilisation pH 8.0 
 isoelectric precipitation: pH 4.0 
trypsin) antioxidant (DPPH 
scavenging, Fe
2+
 
chelating and Fe
2+
 
reducing activities) 
Fresh B. mori chrysalises  protein solubilisation pH 8.0 
(50% w/v) 
 macrofiltration to remove chitin 
 isoelectric precipitation: pH 5.0 
 lyophilisation 
 defatting with supercritical CO2 
Alcalase
TM
 2.4L, 
Flavourzyme
TM
, 
Protamex
TM
, papain, 
trypsin and pepsin 
around 3-
32% (5 h 
hydrolysis)* 
antioxidant (DPPH 
scavenging) 
Yang et al. 
(2013) 
T. molitor L. larvae flour  flour defatting with petroleum 
ether 
 no protein extraction 
Alcalase
TM
  20 ACE inhibition Dai et al. (2013) 
Silkworm pupae  defatting with anhydrous ether 
 no protein extraction  
alkaline protease  ACE inhibition Li et al. (2014) 
B. mori pupae  alkaline solubilisation (pH not 
disclosed) 
 isoelectric precipitation (pH not 
disclosed) 
 lyophilisation 
acid protease from 
A. usamii 
nd ACE inhibition Wang et al. 
(2014) 
B. mori pupae powder  flour defatting with petroleum 
ether 
 dispersion of the defatted powder 
in dH2O at 5% (w/v) 
 protein solubilisation pH 9.5 
 isoelectric precipitation: pH 4.5 
 lyophilisation 
Alcalase
TM
  nd ACE inhibition Jia et al. (2015) 
B. mori pupae powder  powder defatting with petroleum SGID (pepsin, nd ACE inhibition Wu et al. (2015) 
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ether 
 dispersion of the defatted powder 
in dH2O at 5% (w/v) 
 protein solubilisation pH 9.5 
 isoelectric precipitation: pH 4.5 
trypsin and 
chymotrypsin) 
Farmed insects:  
 adult G. sigillatus 
 adult S. gregaria 
 T. molitor larvae 
 insect fasting 24 h 
 lyophilisation 
 no protein extraction 
heat treatment (boiling:100C, 10 
min or baking: 150C, 10 min) 
direct hydrolysis by 
SGID (-amylase, 
pepsin and 
pancreatin) 
11.3-37.8 none  Zielińska et al. 
(2015) 
Commercial B. mori pupae nd nd (neutral 
proteases) 
nd ACE inhibition Tao et al. (2017) 
B. mori pupae  fermentation of deodorized 
sample 
 drying and milling 
 dispersion in dH2O at 10% (w/v) 
 protein solubilisation pH 10.0 
 isoelectric precipitation: pH 4.0 
 lyophilisation 
Alcalase
TM
  nd ACE inhibition and 
antioxidant (DPPH 
scavenging, Fe
2+
 
chelating and total 
reducing activities) 
Zhou et al. 
(2017) 
Frozen unpasteurised G. 
sigillatus 
 homogenisation in dH2O at 33% 
(w/v) 
 heat treatment (90C, 15 min) 
 no protein extraction 
direct hydrolysis 
with Alcalase
TM
  
26.1-52.4 none Hall et al. 
(2017) 
Farmed adults: 
 B. dubia 
 G. portentosa 
 L. migratoria 
 A. annulipes 
Farmed larvae: 
 insect fasting 24 h 
 no protein extraction direct hydrolysis by 
SGID (-amylase, 
pepsin and 
pancreatin) 
15.8 -36.3 antioxidant (ABTS 
and DPPH 
scavenging, Fe
2+
 
chelating, Fe
2+
 
reducing an and Cu
2+
 
chelating activities) 
Zielińska et al. 
(2017) 
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 Z. morio 
* values estimated from the figure in Yang et al. (2013) 1286 
ABTS: 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid); ACE: angiotensin converting enzyme; dH2O: deionised water ; DH: degree of 1287 
hydrolysis; DPPH: 2,2-diphenyl-1-picrylhydrazyl; FRAP: Ferric reducing antioxidant power; SGID: simulated gastrointestinal digestion. 1288 
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Table 3 1289 
Insect Peptide sequence Bioactivity IC50 (µM) Reference 
S. littoralis larvae Ala-Val-Phe ACE inhibition 2123 ; 1430 Vercruysse et al. (2008); 
Vercruysse et al. (2010) 
B. mori  Val-Phe-Pro-Ser* ACE inhibition 0.46 Vercruysse, Smagghe, van der 
Bent, et al. (2009)  Val-Trp* ACE inhibition 1.50 
 Glu-Gly** ACE inhibition 10,000 
 Asp-Leu** ACE inhibition 2,000 
 Gly-Met** ACE inhibition 1,400 
 Gln-Lys** ACE inhibition 885 
S. littoralis larvae Val-Phe ACE inhibition 120 Vercruysse et al. (2010) 
B. mori pupae Ala-Pro-Pro-Pro-Lys-
Lys 
ACE inhibition 73.8 Wang et al. (2011) 
T. molitor L. larvae Tyr-Ala-Asn ACE inhibition 46.4 Dai et al. (2013) 
Silkworm pupae  Val-Glu-Ile-Ser ACE inhibition 63.4 Li et al. (2014) 
B. mori pupae  Lys-His-Val ACE inhibition 12.8 Jia et al. (2015) 
B. mori pupae  Ala-Ser-Leu ACE inhibition 102 Wu et al. (2015) 
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B. mori Gly-Asn-Pro-Trp-Met ACE inhibition 21.7 Tao et al. (2017) 
Silkworm pupae** Gln-Pro-Gly-Arg** -glucosidase inhibition 65.8 Zhang et al. (2016) 
 Ser-Gln-Ser-Pro-Ala** -glucosidase inhibition 20  
 Gln-Pro-Pro-Thr** -glucosidase inhibition 560  
 Asn-Ser-Pro-Arg** -glucosidase inhibition 205  
*Peptide sequences identified within actin. 1290 
**Peptide sequences predicted by in silico digestion (peptide cutter) of B. mori actin or other proteins from silkworm pupae. 1291 
 1292 
